Introduction
============

During normal mammalian development, approximately half of the neurons generated undergo programmed cell death before adulthood ([@bib35]). Disruption of this naturally occurring neuronal loss during development can result in embryonic lethality and abnormal apoptosis, and is associated with pathological conditions such as Parkinson\'s and Alzheimer\'s diseases as well as ischemic injury after stroke ([@bib53]). During the formation of the mammalian nervous system, neurons send out processes to their target tissues where they compete for limiting amounts of trophic factors. Among these target-derived trophic factors are the neurotrophins, including NGF, brain-derived neurotrophic factor (BDNF),[\*](#fn1){ref-type="fn"} neurotrophin-3 (NT3), and NT4 ([@bib26]), which act through binding to two types of receptors, the Trks, a family of tyrosine kinase receptors ([@bib3]), and p75, a member of the TNF receptor family ([@bib29]). The neurotrophins promote neuronal survival through binding selectively to the Trks, NGF binds to TrkA, BDNF and NT4 to TrkB, and NT3 to TrkC ([@bib3]). In contrast, all of the neurotrophins bind with similar affinity to the p75 receptor ([@bib40]), which can function to promote survival, or to induce cell death ([@bib10]).

One of the neuronal populations best characterized for its dependence on neurotrophins is the superior cervical ganglia (SCG). This group of sympathetic neurons expresses the TrkA and p75 receptors, and is dependent on NGF for survival and differentiation during development. Some of the developmental apoptosis of sympathetic neurons has also been suggested to be the result of BDNF binding to p75 ([@bib2]). These apoptotic responses can also be recapitulated in cultured SCG neurons by NGF withdrawal ([@bib31]) or by the addition of BDNF to neurons maintained in depolarizing levels of potassium ([@bib2]).

The molecular mechanisms by which NGF removal induces apoptosis have been shown to involve cytochrome *c* translocation from the mitochondria to the cytosol, which is dependent on the proapoptotic BCL-2 family members, BAX ([@bib11]; [@bib28]) and BIM ([@bib38]; [@bib48]). After cytochrome *c* release, a cascade of caspase activation occurs, resulting in the classical characteristics of apoptosis. However, microinjection of cytochrome *c* into neurons is not sufficient to induce cell death, thus NGF withdrawal activates additional pathways that induce a condition referred to as "competence to die" ([@bib14]). This "competence" likely involves the up-regulation of proapoptotic genes because apoptosis induced by NGF withdrawal is transcription and translation dependent ([@bib31]). The increase in transcription has been attributed to the stabilization of the tumor suppressor p53 ([@bib1]; [@bib36]) and activation of c-Jun, a component of the AP-1 transcription factor ([@bib15]; [@bib22]). Analysis of the *c-jun^−/−^* mice has not been possible due to early embryonic lethality ([@bib25]; [@bib27]); however, an increase in both c-Jun mRNA ([@bib15]) and the activated, phosphorylated form of the protein ([@bib22]) have been observed after NGF withdrawal. In addition, microinjection of antibodies to c-Jun ([@bib15]), or introduction of a cDNA encoding a mutant c-Jun, into SCG neurons ([@bib22]; [@bib48]) was demonstrated to protect them from death after NGF removal. However, these experiments should be interpreted with caution because there may be excessively high levels of ectopic protein and the mutant c-Jun may still dimerize with wild-type (wt) AP-1 members and alter transcription of multiple AP-1-responsive genes.

The mechanism by which activation of the p75 receptor induces apoptosis is much less understood. Similar to NGF withdrawal, neurotrophin binding selectively to p75 has been shown to increase phosphorylation of c-Jun ([@bib2]) and to activate the upstream kinase, c-Jun NH~2~-terminal kinase (JNK; [@bib7]). Furthermore, blocking the activation of JNK with a pharmacological inhibitor ([@bib52]) or a dominant-negative JNK ([@bib24]), prevented p75-mediated apoptosis of oligodendrocytes. However, the requirement for c-Jun in p75 signaling cell death has not been investigated, nor has it been determined whether this is a transcription-dependent process.

To address the role of c-jun in the apoptosis of SCG neurons, we generated a conditional *c-jun*--null allele by flanking it with loxP sites, and used adenovirally delivered Cre recombinase to delete the gene in SCG neurons. Our findings demonstrate that c-Jun is essential for neuronal cell death after NGF deprivation, but not by neurotrophin binding to p75. Nevertheless, p75-mediated apoptosis was dependent on macromolecular synthesis because it was blocked by cycloheximide. Therefore, we propose that there are divergent, transcriptionally dependent pathways initiated by these two inducers of apoptosis.

Results
=======

Generation of *c-jun* ^fl/fl^ mice
----------------------------------

It has been proposed that programmed cell death induced by NGF withdrawal in sympathetic neurons requires activation of the transcription factor c-Jun. To address the role of c-Jun in this process, we generated mice with the *c-jun* allele flanked by loxP sites, thus allowing its deletion at any developmental stage through the introduction of Cre recombinase. We constructed a mutant *c-jun* allele with the coding exon for c-Jun flanked by loxP sites ([Fig. 1](#fig1){ref-type="fig"}). ES cell clones were selected, and those with homologous recombination were identified ([Fig. 1, B and C](#fig1){ref-type="fig"}). Because the neo cassette was also flanked by loxP sites, this gene was removed by transient transfection with pCMV-Cre, and clones were selected that contained the floxed *c-jun* allele (*c-jun* ^fl^; [Fig. 1](#fig1){ref-type="fig"} D). These cells were used to generate *c-jun* ^fl/wt^ mice that were mated with *c-jun^+/−^* to create a *c-jun* ^fl/fl^ on a *c-jun*--null background ([Fig. 1](#fig1){ref-type="fig"} E). The viability of the *c-jun* ^fl/fl^ mice suggests that the loxP sites do not disrupt the normal function of c-Jun because deletion of this gene results in embryonic lethality ([@bib25]; [@bib27]).

![**The generation of floxed c-jun mice.** (A) Schematic diagrams of the *c-jun* gene, the targeted locus, and the final floxed allele with the neo cassette excised and the null allele resulting from Cre-mediated excision of *c-jun*. The probes used for screening the Southern blots for detecting the insertion of the neo cassette (probe A) and to assess the incorporation of the 3′ loxP and BamHI site (probe B) are indicated, as are the PCR primers used for detecting the incorporation of the 5′ loxP site. (B) wt (lane 1) or 2 lines of targeted ES cell (lanes 2 and 3) DNA was digested with XbaI-EcoRI and hybridized with probe A, which detects a fragment of 1.9 kb (circle) from wt, and 2.8 kb (arrowhead) from the targeted allele containing the neo gene. (C) The 3′ loxP site is intact, as shown by the presence of the adjacent BamHI site. DNA from wt ES cells (lane 4) or a targeted clone (lane 5) was digested with BamHI and hybridized with probe B to reveal a 4.9-kb band (arrowhead) from the wt locus or a 2.2-kb band (circle) from the targeted allele. (D) The neo gene was excised by transfection with pCMV-Cre. DNA from a targeted line (the same as lane 2) before (lane 6) and after (lanes 7 and 8) transfection with Cre was digested with XbaI-EcoRI and hybridized with probe A. The 1.9-kb band is the same in the wt and excised allele, whereas the loss of the 2.7-kb band (arrowhead) indicates removal of neo to give the final floxed *c-jun* allele. (E) Evidence for germline transmission of the floxed allele was obtained using primers flanking the loxP sites to amplify DNA from *c-jun* ^fl/wt^, *c-jun* ^fl/fl^, and wt mice.](200112129f1){#fig1}

*c-jun* is essential for sympathetic neuron death in response to NGF withdrawal
-------------------------------------------------------------------------------

Sympathetic neurons from the SCG, isolated from postnatal day 1 mouse pups, depend on NGF for their survival. Upon removal of this trophic factor, the neurons undergo programmed cell death, which was evaluated 48 h later by examining nuclear morphology using DAPI staining. Apoptotic neurons are apparent by their condensed or fragmented nuclei (see [Fig. 3](#fig3){ref-type="fig"}). To evaluate the necessity of the AP-1 family member c-Jun in neuronal apoptosis, we infected SCG neurons from *c-jun* ^fl/fl^ mice with an adenovirus expressing Cre recombinase to delete the *c-jun* allele. To confirm that *c-jun* was deleted, the neurons from the *c-jun* ^fl/fl^ mice or wt were infected with the Cre-adenovirus overnight, and thereafter the NGF was withdrawn. 12 h after the withdrawal, the expression of c-Jun was evaluated, specifically in the Cre-expressing neurons, by coimmunostaining. At this time, c-Jun was up-regulated (see [Fig. 5](#fig5){ref-type="fig"}), but it was before the time when the nuclei became apoptotic. [Fig. 2](#fig2){ref-type="fig"} A shows representative immunofluorescence images of Cre recombinase and c-Jun expression patterns of neurons isolated from *c-jun* ^fl/fl^ or wt mice after NGF withdrawal. Both Cre recombinase and c-Jun, which are nuclear proteins, were observed in the wt neurons exclusively localized to the nucleus. In contrast, c-Jun was not detected in any Cre-immunopositive sympathetic neurons isolated from *c-jun* ^fl/fl^ mice. To further verify the deletion of the *c-jun* gene, the genomic DNA was isolated from the neurons 24 h after infection with GFP or Cre-expressing adenovirus, and *c-jun* was amplified by PCR ([Fig. 2](#fig2){ref-type="fig"} B). No *c-jun* signal was detected from the Cre-infected cultures, thus indicating that the ectopically expressed Cre recombinase successfully deleted the *c-jun* alleles.

###### 

**c-Jun is essential for sympathetic neuron death upon NGF withdrawal.** Sympathetic neurons isolated from *c-jun* ^fl/fl^ mice were uninfected (A) or infected with adenovirus expressing Cre recombinase (B) or GFP (C). After an overnight incubation, the neurons were rinsed and refed with media lacking NGF and supplemented with a neutralizing anti-NGF antibody (−NGF), or with fresh NGF containing media (+NGF). After an additional 48 h, the neurons were fixed and stained with a biotinylated Cre antibody and streptavidin-Cy3 to detect Cre-positive neurons (red), or were visualized by GFP fluorescence (green). The nuclei of all neurons were costained with DAPI (blue) to evaluate apoptotic profiles. In the representative neurons depicted, the arrows indicate apoptotic, fragmented nuclei, except in Cre-infected, resistant cells. (D) Cell death expressed as percentage of apoptotic nuclei. In cells infected with the adenovirus, only GFP-expressing or Cre-immunopositive cells were considered. Shown are the mean and SEM from four independent experiments.
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![**Kinetics of c-Jun induction and apoptosis after NGF withdrawal or BDNF addition.** Sympathetic neurons were cultured with NGF for 3--5 d, rinsed, and refed with media containing 20 ng/ml NGF (+NGF) or lacking NGF and containing a neutralizing anti-NGF antibody, without (−NGF) or with 12.5 mM KCl and 100 ng/ml BDNF (+BDNF), or no factor (−BDNF). After the given time, the neurons were fixed and immunostained for c-Jun and costained with DAPI to visualize the nuclei. Representative neurons stained with anti--c-Jun are depicted at various time points after NGF withdrawal (−NGF) or cultured in KCl and treated with 100 ng/ml BDNF (+BDNF) in A. The percentage of neuronal nuclei that were c-Jun immunopositive under these conditions was determined. Depicted are the mean ± SEM for three experiments, with at least 100 neurons/condition counted for each experiment (B). The percentage of neuronal nuclei that were apoptotic was determined by DAPI staining. Depicted are the means for three experiments, with at least 100 neurons/condition counted for each experiment (C). ▵, +BDNF; ▪, −NGF.](200112129f5){#fig5}

![**Cre-mediated deletion of c-jun.** Sympathetic neurons isolated from *c-jun* floxed (*c-jun* ^fl/fl^) or *wt* mice were cultured for 4 d with NGF, then were infected overnight with an adenovirus carrying Cre recombinase (A). The neurons were rinsed and refed with media lacking NGF and supplemented with a neutralizing anti-NGF antibody (−NGF) and the cells were fixed 12 h later. Co-immunostaining with antibodies to Cre recombinase (green) and c-Jun (red) was performed to identify Cre-infected neurons and to detect c-Jun expression. Neurons were also stained with DAPI (blue) to detect apoptotic profiles. Note that c-Jun was not detected in Cre- immunopositive neurons from *c-jun* ^fl/fl^ mice. (B) Genomic DNA was isolated from sympathetic neurons, uninfected or 48 h after infection with adenovirus expressing Cre recombinase or GFP, and PCR was performed to detect the presence of *c-jun* and, as control, the *p65* subunit of NF-κB.](200112129f2){#fig2}

The requirement for c-Jun in mediating the apoptotic response to NGF withdrawal in sympathetic neurons was demonstrated by infecting the *c-jun* ^fl/fl^ neurons with the Cre-adenovirus. SCG neurons isolated from *c-jun* ^fl/fl^ mice were uninfected, infected with Cre recombinase or, as control, with GFP-expressing adenovirus. 24 h later, the cells were rinsed to remove the NGF, maintained for an additional 48 h in medium containing NGF or NGF-free medium, and were fixed; the nuclei of the GFP-expressing or Cre-immunopositive neurons were evaluated for apoptosis. All neurons maintained in NGF contained smooth, round nuclei; however, in neurons deprived of NGF, apoptotic nuclei were observed in uninfected and GFP-expressing neurons, but not in neurons expressing Cre recombinase ([Fig. 3](#fig3){ref-type="fig"}). To quantify the extent of apoptosis, the percentage of cells with apoptotic nuclei was determined. As depicted in [Fig. 3](#fig3){ref-type="fig"} D, 48 h after NGF removal, 59% of uninfected and 53% of GFP-expressing neurons displayed condensed or fragmented nuclei, whereas only 14% of the Cre recombinase-expressing neurons were apoptotic. The survival of the neurons was also evaluated 9 d after NGF withdrawal. Because most of the dead cells were no longer visible by this time, the number of viable, phase bright neurons containing neurites at least the length of the somal diameter was determined. Relative to cultures maintained in NGF, only 30.6% of the uninfected and 29.6% of the GFP-infected neurons were still alive; however 58.1% of the neurons infected with Cre were still alive 9 d after NGF withdrawal (at least 50 neurons were counted under each condition and experiments were done in duplicate, *n* = 2). Thus, deletion of the gene for the transcription factor c-Jun abrogated programmed cell death after trophic factor withdrawal in these neurons.

*c-jun* is not necessary for sympathetic neuron death in response to p75 activation
-----------------------------------------------------------------------------------

Neurotrophin binding selectively to the p75 receptor can activate an apoptotic program in a variety of neural cells ([@bib4]). In sympathetic neurons, which express only the neurotrophin receptors p75 and TrkA, p75 can be selectively activated by BDNF, and this was reported to lead to cell death ([@bib2]). To culture these neurons in the absence of NGF, the neurons were kept in mildly depolarizing media containing 12.5 mM KCl. Similar to previous findings, we observed an 87% increase in the number of apoptotic nuclei in cultured SCG neurons after a 48-h treatment with BDNF ([Figs. 4](#fig4){ref-type="fig"}--[6](#fig6){ref-type="fig"}). Moreover, this effect could be inhibited with an antibody to the extracellular domain of p75, confirming the involvement of this receptor ([Fig. 4](#fig4){ref-type="fig"}).

![**BDNF induces apoptosis through the p75 receptor.** Sympathetic neurons isolated from SCG of postnatal day 1 mice were cultured 3--5 d with 20 ng/ml NGF. The neurons were rinsed and refed with media lacking NGF and containing a neutralizing anti-NGF antibody and 12.5 mM KCl with (+BDNF) or without (−BDNF) 100 ng/ml BDNF, to activate p75. In some experiments, antibodies to the extracellular domain of p75 were included (diluted 1:500). After 48 h, the neurons were fixed and apoptotic cells were identified by their nuclear profile using DAPI staining. The percentage of apoptotic nuclei was determined by counting at least 50 neurons in six independent experiments, and the mean and SEM are shown. Only the neurons treated with BDNF and no antibody were significantly different from the others, based on an ANOVA analysis and a Tukey\'s multiple comparison test.](200112129f4){#fig4}

![**Apoptosis induced by p75 activation is dependent on protein synthesis.** Sympathetic neurons were cultured with NGF for 3--5 d, rinsed, and refed with media lacking NGF and containing a neutralizing anti-NGF antibody, 12.5 mM KCl, and 100 ng/ml BDNF (+BDNF), or no factor (−BDNF) in the presence (+CHX) or absence (−CHX) of 1 μg/ml cycloheximide. 2 d thereafter, the neurons were fixed and cell death was evaluated by DAPI staining. The percentage of apoptotic nuclei was determined by counting at least 50 neurons in three independent experiments. Depicted are the mean and SEM. Only the neurons treated with BDNF and no cycloheximide were significantly different from the others, based on an ANOVA analysis and a Tukey\'s multiple comparison test.](200112129f6){#fig6}

The mechanism by which activation of the p75 receptor induces apoptosis of sympathetic neurons is poorly understood. Similar to NGF withdrawal, neurotrophin binding selectively to p75 increases the level of phosphorylated c-Jun ([@bib2]) and the activity of the upstream kinase, c-Jun NH~2~-terminal kinase (JNK; [@bib7]). Furthermore, the inhibition of JNK activation prevents p75-mediated apoptosis ([@bib52]; [@bib24]). However, the requirement for c-Jun in p75 mediated cell death has not been investigated, nor has it been determined whether this is a transcription-dependent process, like trophic factor withdrawal. To characterize the induction of c-Jun after BDNF treatment, its temporal induction by p75 activation was compared with NGF withdrawal. Although the increase in c-Jun expression by BDNF slightly preceded that of NGF removal, the percentage of neurons with clearly nuclear c-Jun immunoreactivity peaked ∼18 h and was similar in magnitude following either treatment ([Fig. 5, A and B](#fig5){ref-type="fig"}). The kinetics of neuronal apoptosis were also similar after removal of NGF or addition of BDNF, peaking ∼24 h, slightly after the maximum c-Jun expression ([Fig. 5](#fig5){ref-type="fig"} C).

To determine whether protein synthesis is required for cell death activated by p75, SCGs isolated from wt mice were incubated with cycloheximide at a concentration of 1 μg/ml at the time of NGF removal and BDNF treatment. 48 h thereafter, apoptosis was assessed by nuclear morphology after DAPI staining. In the presence of this protein translation inhibitor, BDNF-induced cell death was completely abrogated ([Fig. 6](#fig6){ref-type="fig"}). These results suggest that, like trophic factor withdrawal, apoptosis induced by p75 activation is also a transcription-dependent process.

Because c-Jun was required for the neurons to activate their cell death program after NGF removal, we wanted to determine whether this transcription factor is also an essential component for p75-induced cell death. Therefore, neurons isolated from *c-jun* ^fl/fl^ mice were uninfected or infected with the adenovirus expressing Cre recombinase or GFP, then maintained for 48 h in medium containing 12.5 mM KCl, with or without 100 ng/ml BDNF. The neurons were fixed and stained with an antibody against Cre recombinase to detect Cre-immunopositive neurons, and with DAPI to detect apoptotic profiles. Surprisingly, the addition of BDNF to the medium induced an equivalent amount of death in neurons that were uninfected (50.2 ± 4.9%), infected with adeno-GFP (50.5 ± 2.1%), and those expressing Cre recombinase (57.1 ± 2.7%; [Fig. 7](#fig7){ref-type="fig"}), indicating that c-Jun is not an essential component in sympathetic neuronal death induced by p75 activation.

###### 

**c-Jun is not required for p75-mediated apoptosis in sympathetic neurons.** Sympathetic neurons isolated from *c-jun* ^fl/fl^ mice and cultured with NGF were uninfected (A) or infected with an adenovirus expressing GFP (B) or Cre recombinase (C). After an overnight incubation, the neurons were rinsed and refed with media lacking NGF and supplemented with a neutralizing anti-NGF antibody and 12.5 mM KCl in the absence or presence of 100 ng/ml BDNF to activate p75. After 48 h, the neurons were fixed and visualized by GFP fluorescence (green) or stained with a biotinylated anti-Cre antibody and streptavidin-Cy3 to detect Cre-positive neurons (red). The nuclei of all neurons were costained with DAPI (blue) to evaluate apoptotic profiles. In the representative neurons depicted, the arrows indicate apoptotic, fragmented nuclei. (D) Cell death is expressed as a percentage of nuclei that were apoptotic. In cultures infected with adenovirus expressing Cre or GFP, only the Cre-immunopositive or GFP-fluorescent neurons were considered. Shown are the mean and SEM from four independent experiments.
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Discussion
==========

The neuronal cell death that occurs during mammalian development has been shown to be, in part, due to competition for a limited amount of neurotrophin ([@bib26]). In addition, it has also been suggested that activation of the p75 neurotrophin receptor induces cell death of inappropriately targeted or injured neurons ([@bib2]). Previous findings suggested that both of these apoptotic processes depend on activation of the JNK ([@bib13]; [@bib52]). Moreover, we demonstrate that the kinetics and degree of c-Jun induction are similar for BDNF treatment and removal of NGF. Nevertheless, we found a differential requirement for c-Jun. The cell death after NGF removal was dependent on the presence of c-Jun; however, p75-induced apoptosis did not require this transcription factor, despite being sensitive to cycloheximide.

Sympathetic neurons have been well characterized as an in vitro model for neuronal apoptosis induced by trophic factor deprivation. Removal of NGF from the cultures activates a cell death program that is dependent on transcription and translation ([@bib31]). One of the first genes shown to be induced after NGF withdrawal was the protooncogene *c-jun* ([@bib15]). This transcription factor is an immediate early gene that up-regulates its own mRNA. It functions to drive gene expression by homo- or heterodimerizing with other members of the AP-1 family, including c-fos, Fos B, Fra 1 and 2, ATF-2, c-jun, Jun B, and Jun D. Various combinations of the AP-1 family members lead to different DNA binding specificities. Transactivation of c-jun is a two-step process requiring docking of JNK to an NH~2~-terminal sequence referred to as the δ-domain, followed by phosphorylation on serines 63 and 73. The ability to activate transcription depends on both the phosphorylation state of c-Jun and its dimeric partner (for review see [@bib32]). Some members of the family can even antagonize transcription by potent activators such as homodimers of c-Jun ([@bib12]) or heterodimers of c-Fos ([@bib49]). Curiously, the transforming mutation of this protooncogene is a deletion of the δ-domain, although how this deletion results in unregulated growth is not clear. Hence, this immediate early gene is regulated in a complex, incompletely understood manner.

A variety of growth factors can activate the AP-1 complex and promote progression through the cell cycle, in part, through activation of cyclin D1 ([@bib50]). In addition, many cytokines and inducers of cellular stress such as UV and γ-radiation, osmotic shock, hypoxia, and withdrawal of trophic support activate JNK, and subsequently, c-Jun. Paradoxically, this activation has been suggested to promote survival in dividing cells, such as fibroblasts, yet lead to apoptosis in post-mitotic neurons (for review see [@bib43]). Inhibition of JNK activation in sympathetic neurons was shown to provide protection from NGF withdrawal ([@bib30]). Similarly, microinjection of antibodies to c-Jun ([@bib15]), cDNA encoding c-Jun mutants ([@bib22]), or expression of c-Jun mutants using adenovirus ([@bib48]) attenuated apoptosis in these neurons after trophic factor deprivation, whereas overexpression of c-Jun lead to cell death ([@bib22]). However, a high level expression of ectopic protein may interfere with the normal function of the neuron. For example, overexpression of mutant c-Jun could alter c-Fos dimers, which have also been implicated in regulating survival ([@bib45]; [@bib37]). Moreover, dominant-negative mutants lacking the δ-domain may well maintain the activity that leads to transformation in fibroblasts. Therefore, we chose to use a genetic approach to address the role of c-Jun in these neurons. Unfortunately, the deletion of *c-jun* is embryonic lethal at E14, before the sympathetic neurons undergo naturally occurring cell death ([@bib51]). Therefore, we used a Cre-lox system to excise this gene. Our findings demonstrate a requirement for c-Jun in apoptosis induced by NGF removal, in agreement with previous studies.

Although neuronal apoptosis induced by trophic factor withdrawal is dependent on transcription and c-Jun, it is not clear what the relevant target genes are for this AP-1 factor. The activation of JNK in neurons has been suggested to lead to the up-regulation of two members of the proapoptotic Bcl-2 family, BAX ([@bib33]) and BIM ([@bib38]; [@bib48]). However, it is likely that c-Jun also interacts with other transcriptional elements to affect the expression of apoptotic genes. For example, the upstream kinase, JNK, has also been shown to phosphorylate p53 ([@bib20]), which can up-regulate BAX ([@bib34]). Indeed, reduced apoptosis in sympathetic ganglia was observed in p53^+/−^ mice, and expression of the viral p53 inhibitor (E1B55K) protected these neurons in culture after NGF removal ([@bib1]). Thus, the interplay between p53 and c-Jun in regulating neuronal survival and death genes remains to be determined. It is interesting to note that a recent study demonstrated an intimate relationship between c-Jun and p53 after UV irradiation ([@bib44]). The induction of c-Jun after a UV response resulted in antagonism of p53 at the p21 promoter. This caused the DNA-damaged fibroblasts to reenter the cell cycle, triggering apoptosis. A similar mechanism may explain the dual dependence of neuronal apoptosis on c-Jun and p53. Both of these transcription factors may be required for the correct temporal regulation of genes key to neuronal apoptosis.

Sympathetic neurons express exclusively the neurotrophin receptors TrkA and p75, and therefore undergo apoptosis if they fail to innervate a target producing NGF (for review see [@bib26]). In contrast, if these neurons come in contact with tissue producing a neurotrophin other than NGF, then p75 will be activated and apoptosis will result. Miller and colleagues have demonstrated such an effect in vivo, where mice with the BDNF gene deleted exhibit an increase in sympathetic neuron survival ([@bib2]). These authors suggest that although insufficient TrkA activation promotes cell death, neurotrophin binding selectively to p75 will result in a more rapid and efficient elimination of inappropriate connections.

There is accumulating evidence that activation of the p75 receptor induces apoptosis in a variety of neuronal ([@bib39]; [@bib5], [@bib6]; [@bib19]) and glial contexts ([@bib7]; [@bib46]), both during development ([@bib18], [@bib17]) and after insult, such as nerve injury ([@bib47]; [@bib24]) or seizure ([@bib41]). The molecular mechanisms mediating this effect, although largely undetermined, have been suggested to involve the transcription factor NF-κB and the c-Jun kinase, JNK, both of which can be activated after neurotrophin binding to p75 (for review see [@bib4]). Paradoxically, in a manner reminiscent of TNF receptor signaling, p75 activation of NF-κB has been shown to promote survival ([@bib23]; [@bib16]; [@bib21]), whereas JNK has been implicated in the apoptotic response ([@bib7]; [@bib52]). In the presence of TrkA, NGF binding to p75 will only activate the pro-survival factor NF-κB while JNK activity is inhibited ([@bib52]). Hence, when the neuron contacts the appropriate target, binding of NGF to both TrkA and p75 coordinately promotes survival. In contrast, selective activation of p75 promotes apoptosis through JNK because attenuation of this kinase activity prevented the receptor-mediated cell death ([@bib52]; [@bib24]). Thus, whether induced by p75 activation or NGF withdrawal, programmed cell death in sympathetic neurons depends on the c-Jun activating kinase, JNK. Surprisingly, however, our findings demonstrate these death signals subsequently diverge. The deletion of c-Jun protected sympathetic neurons from apoptosis caused by trophic factor withdrawal; however, the ability of p75 to kill the cells was not altered. The apoptotic signal generated from p75 was inhibited by cycloheximide, suggesting a requirement for protein translation. Miller and colleagues demonstrated that the p53 inhibitor (E1B55K) can block sympathetic neuron death caused by BDNF ([@bib1]). Hence, it is likely that the p75 apoptotic signal is through JNK activation of p53, resulting in the up-regulation of BAX and induction of apoptosis. However, it is notable that several p75-interacting proteins have been proposed to act in the nucleus ([@bib8]; [@bib9]). Whether these interactors are affected by JNK remains to be determined.

Materials and methods
=====================

Generation of c-jun^fl/fl^ mice
-------------------------------

A 5-kb genomic fragment covering the intron-less c-Jun gene was used to construct the targeting vector ([Fig. 1](#fig1){ref-type="fig"} A). A promoter-less neo cassette flanked by loxP sites was inserted into the EcoRI site in the 5′ UTR of the c-Jun gene; the EcoRI site only being reconstituted on the downstream side of the neo cassette. A loxP site and a BamHI site were introduced into a unique SphI site downstream of the polyadenylation signal for the c-Jun gene. Because the neo expression cassette does not contain its own promoter, integration near a functional promoter is required for expression, allowing high efficiency in selecting for homologous recombination at the c-Jun locus. After transfection into ES cells, neo-resistant clones were isolated and homologous recombinants identified by Southern blotting using probe A ([Fig. 1](#fig1){ref-type="fig"} B) to demonstrate the insertion of neo, and probe B ([Fig. 1](#fig1){ref-type="fig"} C) to show the presence of the loxP and adjacent BamHI site.

The insertion of the neo gene into the 5′ UTR of *c-jun* disrupts the expression of the gene, and therefore must be removed to allow tissue-specific activation. Hence, the targeted ES cells were transiently transfected with pCMV-Cre, and individual clones were isolated and screened by PCR to identify those with specific excision of the neo cassette. This analysis also identified some clones in which excision between the most upstream and downstream loxP sites occurred, verifying the ability of all three loxP sites to support Cre-mediated deletion. The removal of the neo gene was confirmed by Southern blotting, demonstrating that the targeted *c-jun* allele contains the protein coding sequence flanked by loxP sites ([Fig. 1](#fig1){ref-type="fig"} D). The ES cells containing the floxed c-jun were then injected into blastocysts, and chimeric mice were obtained and mated. Germline transmission was confirmed by PCR using primers that flank the upstream loxP site (5′-GGAGAGTCCCTTCTCCCGCC-3′ and 5′-GCTAGCACTCACGTTGGTAGG-3′; [Fig. 1](#fig1){ref-type="fig"} E). The mice were crossed with the *c-jun^+/−^* to eventually obtain animals homozygous for the floxed allele in place of the wt gene, thus confirming that the loxP sites introduced do not interfere with normal c-Jun function.

Neuronal cultures
-----------------

SCG from wt or postnatal day 1 *c-jun* ^fl/fl^ pups were isolated, and the sympathetic neurons dissociated by trituration after digestion with 0.25% trypsin and 0.3% collagenase for 15 min at 37°C. The nonneuronal cells were removed by a 2-h preplating on uncoated, Falcon™ 60-mm plates (Becton Dickinson). The neurons were cultured on poly-[l]{.smallcaps}-ornithine and laminin-coated 4-well slides (Nalge Nunc International) at a density of 3,000--4,000 cells/well in F-14+ media (Ham\'s F-14 containing 5% FCS, 2 mM [l]{.smallcaps}-glutamine, 60 ng/ml progesterone, 16 μg/ml putrescine, 400 ng/ml [l]{.smallcaps}-thyroxine, 38 ng/ml sodium selenite, 340 ng/ml tri-iodothyroxine, 5 μg/ml insulin, 100 U/ml penicillin, 100 μg/ml streptomycin, and 10 μM fluorodeoxyuridine; Imperial Labs) and 20 ng/ml NGF (Regeneron Pharmaceuticals, Inc.). The neurons were maintained for 3--5 d in the presence of NGF before being used for survival assays in NGF withdrawal and in p75 activation experiments.

Survival assays
---------------

For NGF withdrawal experiments, NGF was removed by washing the cultures twice with F-14+ media lacking NGF, and once with F-14+ containing anti-NGF antibody at 1 μg/ml (Sigma-Aldrich). For the p75 activation experiments, the procedure was similar, but after the washes with media lacking NGF, neurons were switched to media containing anti-NGF antibody together with 12.5 mM KCl, to promote survival, with or without 100 ng/ml BDNF (a gift from Regeneron Pharmaceuticals, Inc.). In experiments involving the inhibition of protein synthesis, SCGs were incubated with 1 μg/ml cycloheximide (Sigma-Aldrich) at the time of NGF removal or BDNF treatment. This concentration of cycloheximide inhibited 70--80% of protein synthesis based on \[^35^S\]methionine labeling of the neurons as in [@bib31] (data not shown). Some neurons were also treated at the time of NGF withdrawal with an antiserum raised to the extracellular domain of p75 (diluted 1:500; a gift of M.V. Chao, Skirball Institute, New York University, New York, NY).

2 d after the switch to NGF-free or BDNF-containing media, or after the indicated time, the cells were fixed in 4% PFA and the number of apoptotic neurons, identified by DAPI staining, was counted in five random fields (at least 50 neurons counted/well). In the assays done with infected neurons, only Cre-immunopositive or GFP-expressing cells were considered.

Viral infections
----------------

Two different recombinant adenoviruses were used, one expressing Cre recombinase and the other expressing GFP, as a control for adenoviral infection. The GFP-adenovirus was provided by S.O. Yoon (Ohio State University, Columbus, OH) ([@bib24]) and the Cre-adenovirus was as used previously ([@bib42]). The adenoviruses were amplified in 293 cells, the viral solution was purified on CsCl~2~ gradients, and viral infectivity was determined on 3T3 cells and neurons. The neurons were cultured for 3--5 d in 20 ng/ml NGF, infected with 1.6 × 10^9^ particles/ml of recombinant adenovirus for 2 h in serum-free F-14+ media, and thereafter serum-containing F-14+ media was added. This concentration of virus was chosen in order to obtain 95% or better infection. Although there was a low level of toxicity due to the viral infection ([Fig. 3](#fig3){ref-type="fig"} D), using 10-fold less virus did not alter the amount of cell death among infected neurons, yet the percentage of infected cells decreased to 70%. 1 d after infection (18--24 h), the virus was removed and cells were fed with fresh NGF-free or BDNF-containing F-14+ media for survival assays under conditions of NGF withdrawal or p75 activation, respectively.

Genomic PCR to detect *c-jun*
-----------------------------

To confirm the deletion of c-jun, the genomic DNA was isolated from sympathetic neurons that were uninfected, or 48 h after infection with the adenovirus expressing GFP or Cre. The c-jun locus was amplified by PCR using primers flanking the loxP site (5′-AGCAACTTTCCTGACCCAGA-3′) and (5′-CGTCCCTGCTTCTGTAACAA-3′) with the following PCR conditions of: 1 cycle of 94°C for 2 min, 52°C for 30 s, and 72°C for 30 s, and then 30 cycles at 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s). As a control to demonstrate the presence of genomic DNA, the NF-κB subunit p65 was amplified using primers 5′-CCTGGGGATCCAGTGTGTGAAGAAGCG-3′and 5′-AATCGGATGTGAGAGGACGACAGC-3′ (PCR conditions of the following: 94°C for 5 min, and then 40 cycles of 94°C for 1 min, 65°C for 1.5 min, and 72°C for 1 min).

Immunohistochemistry
--------------------

Neurons grown as described under Neuronal cultures were rinsed in PBS, fixed in 4% PFA, and blocked with 10% goat serum in PT (PBS + 0.1% Triton X-100) followed by avidin-biotin block (Vectastain; Vector Laboratories). To detect Cre recombinase, cells were probed overnight at 4°C with a biotinylated antiserum to Cre recombinase (Covance, Inc.) diluted 1:100 in PT, followed by 20-min incubation with Cy2- or Cy3-streptavidin. To visualize c-Jun, cells were permeabilized for 2 min at 4°C in PT with 0.1% sodium citrate, blocked as for anti-Cre, and incubated with anti--c-Jun, diluted 1:500 (Cell Signaling Technology Inc.), for 1 h at RT followed by biotinylated anti--rabbit antibody and Cy3-streptavidin. Nuclei were stained with DAPI. The slides were then viewed by fluorescence microscopy (Carl Zeiss MicroImaging, Inc.).
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